Abstract--A method of clay mineral sample preparation for electron microprobe analysis has been developed in which a film of clay plus 10-12 wt. % colloidal graphite is deposited on a porous ceramic disc using a specially designed suction device. Correction procedures are used to obtain quantitative elemental analyses representing the average chemical composition of the prepared sample. A statistical technique is employed to estimate the most likely proportions of clay minerals representing the known composition. Chemical compositions of clay minerals are presented in terms of five coordinates ("Si," "Al," "Mg," "K," and "Fe"). Using literature data, the chemical compositions of 13 different clay mineral groupings were defined statistically by their multivariate means and variance-covariance matrices. A correlation parameter, X ~, was calculated to compare the chemical composition of a sample with that of any mixture of the defined clay mineral groupings, the minimum X ~ indicating the best-fit mixture.
INTRODUCTION
The proportions of the mineral components of most rocks (the mode) can be determined reasonably accurately using optical point-counting techniques. The compositions of the individual minerals can also be determined conveniently and routinely today by means of electron microprobe analysis. The clay mineral group, however, is an exception to these generalizations, and because of their fine grain size, only the identities of most clay mineral constituents can be determined with any degree of certainty. Attempts have been made to estimate proportions of clay mineral components on the basis of X-ray diffraction intensities, but these methods are fraught with difficulties associated with the effects of crystallinity, chemical substitutions, and variable water contents, as well as the possible presence of mixed-layer structures. The problem of determining the composition of clay mineral components of rocks has proved even more intractable inasmuch as physical separation is almost impossible and the range of possible compositions varies greatly with significant departures from idealized structural formulae. Because of these problems, we know little about the chemical equilibria amongst naturally occurring assemblages of clay minerals. Many of these assemblages may represent non-equilibrium mixtures of two or more clay minerals, yet we have no means of establishing the equilibrium state of such mixtures, nor are satisfactory ways available for tracing changes in the compositions and the Copyright ~) 1983, The Clay Minerals Society proportions of these minerals during maturation and diagenesis.
Many techniques have been used to obtain chemical information on clay minerals, but the only widely used means of determining the complete composition have been the classical methods of wet chemistry and the somewhat more convenient methods of X-ray fluorescence analysis. Although the latter technique is relatively rapid when modem automated instrumentation is used, both require substantial amounts of sample and are destructive (unless questionable preparation procedures utilizing pressed powders are used in the X-ray technique). In recent years, great strides have been made in perfecting the techniques of electron microprobe analysis. In particular, developments in energy dispersive X-ray analysis have permitted fully quantitative analyses of complex natural minerals to be performed routinely and in a matter of a few minutes. These techniques appear to be applicable to the analysis of clay minerals and clay mineral mixtures. An attempt was therefore made to develop a rapid and accurate method for determining the chemical composition of such clay materials and to develop a statistical technique using these data to estimate the most likely proportions of clay mineral components in the sample.
EXPERIMENTAL

Preparation of sarnples
The < 1-/zm fraction of each sample was used to minimize the amount of non-clay mineral impurities. This 191 fraction was obtained by standard settling techniques after the sample had been dispersed, using an ultrasonic vibrator of the probe type, and repeatedly washed with distilled water to remove soluble impurities.
Uniform clay mineral films were deposited onto porous ceramic discs (Kinter and Diamond, 1956; Gibbs, 1965 ) using a method similar to that described by Shaw (1972) . However, pure clay films could not be made conductive by the usual technique of coating with carbon (or even gold), and a modified technique involving the addition of a known amount of colloidal graphite was developed Cavell, 1978, 1980) . A suspension of colloidal graphite was prepared by dispersing Acheson "Aquadag" in distilled water, centrifuging for 1 hr and retaining only that portion which had not settled. The typical amount of graphite required to impart adequate conductivity was found to be 10-12% (by weight), but ranged from 4 to 15% depending upon the individual clay sample. The concentrations of graphite and clay sample suspensions were determined by weighing the residues from known (pipeted) volumes, oven dried at 105~
To prepare the analytical sample, the volume of each suspension required to produce a film of 50-60 mg total weight and containing .10-12 wt. % graphite was mixed in a small beaker and deposited onto a porous disc using the suction device shown in Figure 1 . After being washed with distilled water, the disc with its clay film was removed from the holder and left to air dry for about 10 min, clay-side up. It was then placed clay-side down on a glass slide coated with a fluorotelomer (e.g., Dupont "Vydax 550"), and left to air dry completely. The weight of the ceramic disc (2.5 g) was usually sufficient to maintain compaction while drying and thereby prevent the cracking and peeling that are frequently sources of difficulty in the preparation of such films. For some of the smectites, which absorbed large amounts of water, it was necessary to add extra weight (e.g., one or two extra discs) to ensure compaction during drying. The fluorotelomer coating prevented sticking while mainmining a smooth upper surface. The electrical resistance of the film after preparation (which must be sufficiently low to allow incident electrons from the microprobe beam to leak away) was checked using an ohmeter. Values less than 5 megohms were considered satisfactory.
Electron microprobe analysis
Samples prepared in the above manner for microprobe analysis, can also be used for X-ray powder diffractometry. The minor amount of "colloidal" graphite produces only a very weak, broad peak which does not interfere with basal reflections from the clay mineral. A 5-mg sample prepared with a modified suction apparatus is adequate if X-ray diffraction patterns are not needed.
The quantitative, energy-dispersive microprobe technique used to analyze as many as 22 elements in such materials was described by Smith (1976) ; the computer software used in the data reduction step (EDATA2) was described by Smith and Gold (1979) . The EDATA2 program integrates peak intensities, makes full corrections for matrix effects (atomic number, absorption, and characteristic and continuum fluorescence), and accurately calculates and subtracts background. It also strips escape peaks, makes deadtime corrections where necessary, and deals rigorously with complex possibilities for peak overlap (i.e., interference). The program determines system resolution at the time of analysis, corrects all spectra acquired for any instrument miscalibration, and takes into account possible fluctuations in probe current during acquisition. Light elements which cannot be or are not usually determined by the microprobe, but which may be present in the clay films (e.g., H, Li, C, and O) are handled by a special subroutine. The subroutine allows either the entry of a known concentration (perhaps determined by X-ray fluorescence or atomic absorption) or the calculation of the concentration from parameters such as the analytical total or a structural formula. The subroutine also allows the entry and use of two different oxidation states for elements such as iron. Adjustments to the analysis can be performed during each iteration of the correction procedure to produce a more accurate result.
The precision of the entire analytical method was tested by comparing the results of 40 replicate analyses (2 locations on each of 20 different discs) (Smith and Cavell, 1980) . The accuracy of the method is indicated in Table 1 by comparison of the microprobe average for a sample of Fithian illite (A.P.I. reference clay) with the wet chemical analysis 3 of identical material. Table 1 also gives the average of 7 published analyses for other sampies of this clay (Weaver and Pollard, 1975) . The analytical results for any clay may vary with the amount of structural, interlayer, or adsorbed water present. During electron microprobe analysis, variable amounts of this water are driven off depending on the probe current, the size of the analytical area, and the time required for the analysis. However, established that the analyses recalculated on a water-free basis do not vary. Hence, all microprobe analyses reported here and other published values have been recalculated on a water-free basis for the purpose of comparison. used this analytical technique successfully for various homogeneous clay minerals, including members of the kaolinite, smectite, illite, and palygorskite groups; the same technique has been used without modification on clay mineral mixtures.
STATISTICAL ANALYSIS
Previous attempts to use bulk chemistry as a basis for examining clay mineral mixtures (Pearson, 1978; Imbrie and Poldervaart, 1959; Nicholls, 1962; Miesch, 1962) , have met with rather limited success due to the variability of clay compositions. Clay mineral specimens show not only a wide range of possible substitutions, but also deviations from ideal stoichiometry, variable H20 content, variations in exchangeable cations, and the ubiquitous presence of both soluble and insoluble impurities. As a means of avoiding the cona Analyst: A. Stelmach, University of Alberta, Edmonton, Alberta. Table 2 . Source of clay mineral analyses used.
Trioctahedral chlorite : Foster, 1962 , A27-A29; Deer et al., 1962, 13%145. Dioctahedral chlorite: Weaver and Pollard, 1975, 96. Montmorillonite: Weaver and Pollard, 1975, 58-59, 64-65, 76-77; Grim and G/iven, 1978, 144-148; Deer et al., 1962, 232-234. Palygorskite: Weaver and Pollard, 1975, 120, 123 . Vermiculite: Deer et al., 1962 , 252-253. Celadonite: Weaver and Pollard, 1975 , 48-49. Glauconite: Weaver and Pollard, 1975 , 32, 42. Nontronite: Weaver and Pollard, 1975 Deer et al., 1962 , 233. Beidellite: Weaver and Pollard, 1975 , 60, 76-77. Sepiolite: Weaver and Pollard, 1975 , 128. Saponite: Weaver and Pollard, 1975 , 80. Kaolinite: Weaver and Pollard, 1975 Deer et al., 1962, 202-203. Illite: Weaver and Pollard, 1975, 8-9; Deer et al., 1962, 218- 220. Mixed-layer clays: Weaver and Pollard, 1975, 109-110, 115. straints of fixed or idealized end-member compositions, the following technique was developed to provide a more flexible statistical approach to the definition of clay mineral compositions.
Clay mineral analyses were selected from the literature (Table 2) in the following manner: (1) No duplicate analyses were used; (2) Analyses were not used if the original report expressed doubt about the sample identity or purity; (3) If the calculated structural formula showed an excess of aluminum or silicon (common impurities) over the maximum permissible for the clay mineral species to which the sample had been assigned, the analysis was not used; (4) Kaolin-group mineral analyses with more than 0.25% alkalis and analyses of chlorites with more than 0.25% Na20 + K20 + CaO were rejected on the grounds that there is no place in the structure of these clays for these elements; (5) Smectite analyses with more than 1.0% K20 were rejected as possibly being mixed-layered smectite/illites. Similarly, illites with less than 1.0% or more than 10% K20 were rejected. All analyses reported in the compilations listed in Table 2 and not rejected for the reasons given above were used to define statistically the chemical compositions of each of the clay mineral species in terms of a group centroid and a variance-covariance matrix.
Useful individual elements or element combinations were sought which would result in the grouping of analyses of each clay mineral species about a unique centroid. On the basis of valence, structural sites occupied, and the tightness of the groupings of the data for each clay mineral, the following combinations were chosen: "Si" = Si4+only;"A1 '' = AP + + Ti4+;"Mg '' = Mg2++ MnZ+; "K" = K + only, and "Fe" = Fe ~+ + Fe 3+. Ca and Na were not included because they produced unacceptable scatter in some of the sample groupings, Figure 2. A diagrammatic representation of the 13 clay mineral groupings based on the statistical definitions of Table 3 .
possibly because of their presence as exchangeable cations or in impurities. The compositional groupings of 13 clay minerals are expressed in statistical terms in Table 3 . For each of four of the "elements" used. the centroid or mean value is shown as well as the variance-covariance matrix obtained by standard statistical methods. "Si" was not included because it plus two of the other "elements" in the table, "AI" and "Mg," equal unity, and one (e.g., "Si") was therfore redundant. This is a direct result of normalizing all analyses by division by the sum of the raw "Si" + "AI" + "Mg" values. Figure 2 is a diagrammatic representation of the various clay mineral groupings based on the literature analyses. The groupings lie within abase triangle with "Si." "AI," and "Mg" as apexes and "Fe" and "K" as separate vertical axes. Groupings high in either "Fe'" or "K" are shown by shading. The ellipses represent one standard deviation variation about the centroid and enclose approximately 68% of all samples within each group, if the groups are multivariate-normally distributed. This assumption was made for the illustrative purposes of this diagram, but not elsewhere in the calculations. For element proportions, which form a closed number system, multivariate normality is unlikely. The clay mineral groupings are well separated with distinct centroids and characteristic standard deviations. Only glauconite and celadonite show substantial overlap, and indeed, these two minerals may form a continuous series (Weaver and Pollard. 1975, p. 47 ). Figure 2 also shows clearly a separation between trioctahedral clays ("Mg"-rich) and dioctahedral days, parallel to the"Si"-"AI" baseline. No such clear trend is evident parallel to the "Mg"-"AI" baseline (separating hl from 2:1 clays) because of the increased substitution of A1 for Si in vermiculites and saponites (Deer et al., 1962, p. 272) . This statistical description of the clay mineral groupings is. in one sense, a "'worst case," because the data taken from the literature encompass not only a broad spectrum of clay mineral parageneses but also a wide range of laboratory techniques, analysts, and errors. For a particular study a much more restricted selection of literature analyses might be more appropriate; alternatively, a series of carefully selected pure clays actually involved in the study might be used. In such cases, centroid values based on the more select population should be better and variances smaller than those shown in Table 3 .
The composition of an individual sample was compared to the statistical definition of a single clay mineral group by calculating a X ~ value:
where U is a vector of compositional values for the unknown, S is the variance-covariance matrix for the clay mineral grouping to which the unknown is being compared, and X is a vector defining the centroid of the clay mineral grouping. Because this expression involves the inverse of S. it is necessary that the leading diagonal of this matrix (the individual variance values for each variable) be entirely non-zero. A small constant was therefore added to the values in Table 3 as required. If the variables ("AI," "Mg," "Fe." and "K") were norreally distributed, the probability that the sample belongs to a given group could have been assigned, but as the variables used here formed a closed number system this was inappropriate and only the X 2 values could be used. In this situation the most suitable group to which a given sample can be assigned is that which gives the lowest X 2 values. A property of variance and of variance-covariance matrices is that they, as well as centroids, are additive. Thus, a statistical definition may be obtained for any hypothetical mixture of statistically defined clay minerals by taking the necessary proportions of the endmember values. Furthermore, the X 2 test may be used to compare the composition of an unknown with that of any postulated mixture or series of mixtures to determine a 'best fit.' As an illustration, in Figure 3 illite, kaolinite, and montmorillonite have been chosen as three components. Hypothetical mixtures covering the entire range of compositions in the triangle were generated at 1% intervals, and the composition of test sample 155 compared with each. The X 2 values obtained are shown as contours which reach a minimum representing the best estimate of the composition of sample 155. In practice such testing was carried out using simple 'hill-climbing' computer techniques.
RESULTS AND DISCUSSION
To test the procedure described, a series of sixteen, 2-and 3-component synthetic, mechanical mixtures of kaolinite, illite, and montmorillonite, chosen from the A.P.I. reference series, was prepared. Microprobe analyses were performed on the pure end-members and on each of the mixtures. The statistical procedures outlined were then used to obtain a 'best' (minimum X 2) estimate of the proportions of the 3 clay minerals in each of the artificial mixtures. In Table 4 , the prepared composition Of each sample is compared with the composition estimated from the analyses by means of the statistical parameters obtained from the literature data.
In general, although the results are encouraging, there is a consistent bias of about 20% towards montmorillonite at the expense of kaolinite and illite, even in the case of pure end-members. The reason for divergence between the actual (prepared) and the estimated compositional values is the discrepancy between the compositions of the real clays used and the literature group definitions. This difference can be demonstrated quite clearly if the statistical procedure is repeated replacing the literature centroids by the actual values for the clay minerals used, while retaining the literature-based variance-covariance matrices. This change results in estimated compositions closely approaching the actual compositions and X 2 values tending to zero (also shown in Table 4 ), compared to 0.1--0.2 when literature values were used.
In practice, the identities of the clay mineral components of a mixture may not be known and must be determined by some other technique, such as an X-ray powder diffraction pattern of the same sample as prepared for microprobe analysis. Particularly where only small amounts of one or more of the components are present, an incorrect choice may be made for the components of the test triangle, but this is not critical. Figure 4 illustrates that where an incorrectly chosen endmember was actually absent from the sample, the approach remained entirely appropriate. The • values reach a minimum at the edge of the triangle between the two clay minerals present. Table 5 illustrates other results obtained using one incorrect component in the test triangle. Here, illite has been replaced by chlorite. In 2-component mixtures, where both components (here kaolinite and montmorillonite) are present in the test triangle, the results are identical to those shown earlier, the lowest X 2 values falling on the edge between the 2 components present. However, where one component (illite) present in the 3-component sample was not present in the test triangle, the extremely high X z values show that the results are meaningless and that a different suite of clays should be chosen for the test triangle. Clearly, it should be possible to choose the most appropriate clay components using the computer program, on the basis of the position in compositional space of the analytical data. Furthermore, such a choice need not be limited to three components. Testing with 4-component mixtures could readily be accomplished. Apart from the ubiquitous mechanical mixtures of clay minerals, natural examples also include many mixedlayer clays. The procedures described here should be suitable for estimating the proportions of the interlayered species. Table 6 shows estimates of the proportions of illite and montmorillonite in a series of natural mixed-layer clay minerals, estimated by X-ray powder diffraction methods (Weaver and Pollard, 1975) . Also shown are the proportions statistically estimated using the chemical data for these samples reported in the same publication. Again, literature-based statistical parameters have been used, and the discrepancies between the results are comparable to those in Table 4 where these parameters were also used. It will be noted that although kaolinite was one available component, it was invoked in only one case which, possibly significantly, was annotated as "hydrothermal" in Weaver and Pollard (1975) . The results obtained for another series of natural mixed-layer clays (Weaver and Pollard, 1975) are shown in Table 7 . These are reputedly regularly interlayered montmorillonite/chlorite. The three components of the test triangle were chosen as montmorillonite, dioctahedral chlorite, and trioctahedral chlorite. Again, the actual component clay mineral compositions are unknown but the use of the literature-based statistical parameters produced reasonable results. The X2-values obtained for samples 2, 3, and 7 are high, and it is uncertain whether the poor fit reflects inadequacies in the reported chemical analyses or substantial deviations of the actual clay mineral compositions from the litera- ture-based centroid values. Sample 1 appears to be a 1:1 clay, but samples 4 and 5, which have moderate X z values, are probably 1:3 rather than 1:1 clays. Sample 6, with a very low X z value, appears to involve all three components and not to be a simple mixed-layer clay.
CONCLUSIONS
Accurate analyses of clay minerals and clay mineral mixtures can be obtained using a specially developed, energy-dispersive electron microprobe technique. The analytical data from mixtures can be interpreted by computer programs which use simple statistical procedures to obtain a best estimate of the proportions of the possible clay mineral components in the mixture. Precise estimates of these proportions can be obtained when the compositions of the individual clay mineral components are known. Less precise estimates can be obtained using average compositions and statistical measures of compositional variations based on available analyses published in the literature.
